Abstract. Dedifferentiation of differentiated cells such as fibroblasts into pluripotent stem cells, so-called iPS cells, was first reported by Yamanaka et al., who successfully employed retroviral gene delivery of four stem-cell-specific transcription factors Klf4,. Despite the mouse system in which an Oct-3/4 or Nanog promoterbased reporter system has already been established, there is no useful system in pigs for reporting the reprogramming state of gene-engineered cells. In this study, we constructed a pOEIN plasmid carrying a ca. 5.4-kb mouse Oct-3/4 promoter linked to the EGFP cDNA and neomycin expression unit and produced a porcine embryonic cell line stably incorporating it in the genome. Cell fusion with mouse embryonal carcinoma cell line F9 resulted in generation of colonies with distinct EGFP-derived fluorescence around 14 days after fusion. RT-PCR using these colonies also confirmed expression of endogenous porcine pluripotency-specific Oct-3/4, Sox2 and Stat3 mRNA. These findings suggest that mouse-derived components are sufficient to induce dedifferentiation of differentiated pig cells and also that reprogramming proceeds gradually. The present non-invasive reporter system will be useful to better define the reprogramming mechanism and/or to identify novel reprogramming molecules in the pig. Key words: Oct-3/4, Porcine embryonic fibroblast, Reporter, Reprogramming (J. Reprod. Dev. 56: [363][364][365][366][367][368][369] 2010) pigenetic reprogramming of somatic cells refers to the resetting of genetic programs of a differentiated cell into an undifferentiated state like embryonic stem (ES) cells and is useful for understanding the mechanisms of pluripotency acquisition [1, 2] . Somatic cell nuclear transfer (SCNT) and fusion of fibroblasts with ES cells have been shown to promote the epigenetic reprogramming of the donor genome to an embryonic state [3] [4] [5] [6] .
(J. Reprod. Dev. 56: 363-369, 2010) pigenetic reprogramming of somatic cells refers to the resetting of genetic programs of a differentiated cell into an undifferentiated state like embryonic stem (ES) cells and is useful for understanding the mechanisms of pluripotency acquisition [1, 2] . Somatic cell nuclear transfer (SCNT) and fusion of fibroblasts with ES cells have been shown to promote the epigenetic reprogramming of the donor genome to an embryonic state [3] [4] [5] [6] .
Attempts to identify factors involved in resetting the genetic program of differentiated cells have long been explored. Recently, Yamanaka et al. became the first to demonstrate that four factors, including Oct-3/4, Klf4, c-myc, and Sox2, could induce dedifferentiation of differentiated cells into pluripotent stem-like cells, socalled inducible pluripotent stem (iPS) cells [7] . Since then, many researchers have succeeded in production of iPS cells from mice and humans [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Thus, these four factors are now considered "reprogramming factors."
However, whether these factors can also induce dedifferentiation of somatic cells from domestic animals such as the pig and cow remains unclear.
In mice, an Oct-3/4 or Nanog promoter-directed non-invasive reporter system has been successfully utilized for rapid and convenient identification of stem cells generated from dedifferentiation of somatic cells [17, 20] . If this system could be introduced to the field of iPS cell induction from domestic animal cells, it would greatly accelerate identification of factors involved in formation of iPS cells as well as analysis of the mechanism underlying dedifferentiation of differentiated somatic cells.
To verify that this system is useful for monitoring reprogramming state upon dedifferentiation of porcine somatic cells, transfectants carrying pOEIN, a plasmid bearing the Oct-3/4-EGFP (enhanced green fluorescent protein) sequence, were constructed and subjected to cell fusion with F9 mouse embryonic carcinoma (EC) cells [21] , a line that is known to exhibit ES cell-specific properties like ES/iPS cells. In this trial, the restricted potential of a differentiated somatic cell was reversed to a pluripotent state, as previously reported by others using ES or EC cells [5, 6, [22] [23] [24] .
Our present findings indicate that fusion activated Oct-3/4-directed EGFP expression as well as expression of endogenous pluripotent cell-specific genes of pig origin and that F9 cell-derived mouse components are sufficient to induce dedifferentiation of pig somatic cells.
Materials and Methods

Cell culture
Porcine embryonic fibroblasts (PEFs) were primarily cultured from male fetuses of Clawn miniature swine (Japan Farm, Kagoshima, Japan) at day 30 post-insemination with PEF culture medium containing Dulbecco's modified Eagle's medium/Ham's F-12 (DMEM/Ham's F-12; # 124; Wako Pure Chemical Industries, Osaka, Japan) and 10% (v/v) heat-treated fetal bovine serum (FBS) at 37 C in a humidified atmosphere of 5% CO2 in air. Cells of mouse F9 [21] and human PA-1 lines [25] , both of which are nulli-potent EC lines incapable of differentiation under normal conditions, were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) FBS at 37 C in an atmosphere of 5% CO2 in air. Cells of differentiated fibroblastic NIH3T3 cell line (ATCC CRL-1658) were also cultured under the conditions used for cultivation of F9 and PA-1 cells.
Vector construction
For construction of pOEIN plasmid (Fig. 1) , the mouse Oct-3/4 promoter region spanning 5.4 kb was isolated by digestion of pGOF-18 [26] with Sal I and Spe I and placed upstream of EGFP cDNA + poly(A) sites of the SV40 gene in pEGFP-N1 (Clontech Laboratories, Palo Alto, CA, USA) to create pOE. On the other hand, a 1.2-kb HS4 insulator from rabbit β-globin gene [27] was ligated to upstream of a 1.5-kb neomycin resistance gene (neo)-expression unit, in which expression of neo is driven by mouse phosphoglycerate kinase promoter (PGKp) to create pIN. pOEIN was constructed by ligation between OE comprising Oct-3/4 promoter + EGFP cDNA + poly(A) sites and IN (comprising HS4 insulator + neo expression unit) in a pBluescript SK(-) cloning vector (Stratagene, La Jola, CA, USA). pCRIP-3 ( Fig. 1) was constructed by inserting a fragment containing 1.2-kb HcRed1 cDNA (Clontech Laboratories) coding for Heteractis crispaderived fluorescent protein, a 0.63-kb internal ribosomal entry site (IRES), the 1-kb puromycin resistance gene (puro), and poly(A) sites of mouse PGK gene downstream of the chicken β-actin-based promoter CAG [28] . pEGFP-N1 was used to obtain EGFP expressing transfectants. These plasmids were amplified in DH5α E. coli and purified using a Qiagen plasmid DNA isolation kit (Qiagen GmbH, Hilden, Germany). Prior to transfection of these constructs into PEFs, NIH3T3 cells and F9 cells, plasmid DNA was linearized with an appropriate single enzyme.
Generation of transfectants
For transfection of cultured cells, the Amaxa nucleofector system (Amaxa GmbH, Cologne, Germany) was employed using a nucleofector solution optimized for primary cell culture (#11668-027; Amaxa GmbH). Briefly, ten μl of solution containing linearized plasmid DNA (10 μg) was mixed with 90 μl of nucleofector solution, and a total of 100 μl solution was then mixed with 10 6 cells prior to electroporation. After electroporation, cells were cultured in normal culture medium at 37 C for 3-5 days followed by drug selection [200 μg/ml G418 (Geneticin; Invitrogen) for PEF and 2 μg/ml of puromycin (#05A19-SV; InvivoGen, San Diego, CA, USA) for F9 and NIH3T3 cells] for an additional 10-15 days. The resulting drug-resistant colonies were then picked up and subjected to further propagation. We finally obtained several lines, i. e., PEF transfectants carrying pOEIN (hereinafter termed "pOEIN-PEF"), F9 cells carrying pCRIP-3 (hereinafter termed "pCRIP-3-F9"), NIH3T3 cells carrying pCRIP-3 (hereinafter termed "pCRIP-3-3T3") and PEF transfectants carrying pEGFP-N1 (hereinafter termed "pEGFP-PEF") [29] . pCRIP-3-3T3, pCRIP-3-F9 and pEGFP-PEF constitutively exhibited bright fluorescence in their cytoplasm (data not shown). On the other hand, pOEIN-PEF did not fluoresce, as expected (Fig. 3A) .
Cell fusion and subsequent culture
Cell fusion was performed using polyethylene glycol (PEG) 1500 (#10783641001; Roche Diagnostics GmbH, Mannheim, Germany) basically according to the manufacturer's protocol. Briefly, pOEIN-PEF or pEGFP-PEF (5 × 10 4 for each) were mixed with pCRIP-3-F9 at a 1:3 ratio and washed in Dulbecco's modified phosphate-buffered saline without Ca 2+ and Mg 2+ (pH 7.4; PBS(-)). In some cases, pEGFP-PEF (5 × 10 4 ) was mixed with pCRIP-3-3T3 at a 1:1 ratio. The mixture was centrifuged at 30 g for 5 min. After removing the supernatant, the cell pellet was suspended with 1 ml of a prewarmed solution of 50% PEG 1500 for 1 min, and 20 ml of DMEM was then added with constant stirring over 5 min. PEG was removed from the cells by low-speed centrifugation. Cells were then subjected to double selection by culturing them with DMEM containing 3% (v/v) FBS, 200 μg/ml G418 and 2 μg/ml puromycin in a 60-mm-gelatin-coated dish (Iwaki Glass, Tokyo, Japan) to eliminate unfused cells. The fluorescence expression of hybrid cells in culture was examined using an Olympus BX60 fluorescence microscope (Olympus, Tokyo, Japan) with DM505 (Olympus) and DM600 filters (Olympus) for detection of EGFP and HcRed1, respectively.
RT-PCR and Southern blotting
Total RNA was isolated from cells by the method of Chomczynski and Sacchi [30] using ISOGEN reagent (Wako Pure Chemical Industries). Briefly, four μg of RNA was subjected to reverse transcription (RT) in a total volume of 20 μl. RT products were amplified by PCR with several sets of primers (Table 1) , which could distinguish mRNA derived from F9 cells (mouse) from that derived from PEF (pig). PCR (40 cycles) was performed at 96 C for 10 sec, 56 C for 1 min and 72 C for 2 min. Nested PCR was next performed under the same conditions as in the 1 st PCR, except for the nested primers. Equal loading and amplification efficiency were controlled by amplification with mβA-S and mβA-RV primers [31] for β-actin mRNA. In the case of detection of EGFP and HcRed1 mRNA from hybrids, total RNA was digested with DNase I to remove any contaminating DNA prior to RT. The products (10 μl) derived from the nested RT-PCR were separated on a 2% agarose gel. Then, gels were transferred to GeneScreenPlus nylon filters (#NEF976, PerkinElmer Life Sciences, Boston, MA, USA), and these filters were subjected to Southern hybridization, as described previously [32] . The following probes were used and were prepared by PCR: a 1.2-kb Oct-3/4 cDNA, a 1.0-kb Sox2 cDNA, a 0.93-kb Nanog cDNA, a 0.7-kb fragment of Stat3 cDNA (corresponding to exons 6 and 7) and a 0.3-kb fragment of β-actin cDNA (corresponding to exons 2 and 3), all of which had been isolated from F9 cell-derived RT products. Each cDNA is capable of recognizing pig-derived mRNA, since a high degree of sequence homology exists in each type of mRNA between these two species. A 1.2-kb HcRed1 cDNA isolated from pHcRed1-N1/1 plasmid (Clontech Laboratories) by digestion with appropriate enzymes and a 0.9-kb EGFP cDNA isolated from pEGFP-N1 plasmid by digestion with appropriate enzymes were also used as probes. 
Results
When somatic cells are converted to undifferentiated pluripotent stem cells like ES cells, the latter generally formed small foci distinguishable from neighboring differentiated cells. These foci, often termed colonies, are thought to grow due to increased adhesion of cells. In this study, small foci formed at the early stage during dedifferentiation of somatic cells are defined as ES-like colonies.
Reprogramming of the porcine genome in pCRIP-3-F9/pEGFP-PEF hybrids
In a preliminary examination, cell fusion between pCRIP-3-F9 and pEGFP-PEF at a ratio of 1:1 failed to generate ES-like colonies after double selection with G418 and puromycin. This may have been due to insufficient amounts of factors provided from F9 cells. Cultivation of hybrids in medium containing 10% (v/v) FBS also failed to produce colonies. This may have been due to unsynchronized mitosis of nuclei in hybrids, since F9 cells proliferate more actively than PEF at this serum concentration. We therefore decided to fuse pCRIP-3-F9 with pEGFP-PEF at a ratio of 3:1 and then cultivated the resulting fused cells in medium containing FBS at only 3% (v/v). Under these conditions, hybrids grew slowly and formed colonies that were 0.5-1 mm in diameter by 14 days in culture.
When two types of cells were fused with each other using PG 1500 as a fusion accelerating reagent, the fusion rates ranged from 20-30% ( Fig. 2A, b and c) . ES-like colonies (though with a shape that still appeared to be irregular, unlike ES cells) appeared around 5 to 7 days after fusion (Fig. 2B, a) . As expected, all surviving colonies exhibited both red and green fluorescence (Fig. 2B, b and c) . The number of these colonies ranged from 10-30/60-mm-dish. At 12-15 days after fusion, these ES-like colonies became enlarged and exhibited a smooth surface like genuine ES colonies (Fig. 2B,  d ) with EGFP and HcRed1 fluorescence (Fig. 2B, e and f) . When these colonies were partially dissociated by trypsin/EDTA treatment, individual cells exhibited both red and green fluorescence (Fig. 2B, j-l) , clearly indicating that they were derived from fused cells. PEG 1500-mediated cell fusion between pCRIP-3-3T3 and pEGFP-PEF was also performed as a control experiment. The fusion rates ranged from 30-50% (Fig. 2A, e and f) . However, no ES-like colonies were detected throughout the period of culture (up to 1 month after fusion) (Fig. 2B, g-i) .
To examine expression of stem cell-specific marker genes from the porcine genome in Day 14 hybrids derived from cell fusion between pCRIP-3-F9 and pEGFP-PEF, RT-PCR analysis was performed. Twenty colonies surviving under G418 and puromycin selection were collected, and total RNA was isolated from them. Southern hybridization of the nested RT-PCR products demonstrated the presence of Oct-3/4, Nanog, Sox2 and Stat3 transcripts from both species (Fig. 2C) in the hybrids. These findings suggest that factors derived from mouse F9 cells can induce reprogramming of the porcine somatic cell genome. Notably, expression of endogenous porcine Nanog mRNA was also detected in the pEGFP-PEFs (Fig. 2C) , suggesting that Nanog mRNA is synthesized in unreprogrammed intact PEFs.
Oct-3/4-EGFP reporter system useful for monitoring of reprogramming state in pCRIP-3-F9/pOEIN-PEF hybrids
To monitor the process of reprogramming in F9-PEF hybrids, pOEIN-PEF was fused with pCRIP-3-F9 using PEG 1500. Since pOEIN-PEF carries the pOEIN transgene (Fig. 1 ) in its genome, Oct-3/4 promoter-EGFP would become active and express EGFP fluorescence when reprogramming initiated in the hybrids. The hybrids were double-selected in the presence of G418 and puromycin, and small hybrids generated around 7 days after fusion exhibited slight EGFP-derived fluorescence throughout their colonies (Fig. 3B, c) . However, this slight fluorescence became strong around Day 14; some of the resulting colonies (12/62 tested) exhibited distinct green fluorescence throughout the colonies (Fig. 3B , arrow in f), suggesting that reprogramming of the porcine genome may progress slowly. The remaining 50 colonies remained weakly fluorescent or nonfluorescent.
RT-PCR analysis of Day 13 hybrid colonies exhibiting relatively strong fluorescence also confirmed the above findings. As shown in Fig. 3C , the HcRed1-and EGFP-derived mRNA was detected in the collected hybrids. Furthermore, pig-specific Oct-3/4 transcripts were detected in the hybrids, but not in the pOEIN-PEF parental cells.
Discussion
In this study, we examined whether reprogramming factors probably present in mouse undifferentiated EC cell line F9 are involved in converting the nucleus of porcine somatic cells to an embryonic state. For this purpose, we employed a cell fusion method by which the genome of adult human and mouse somatic cells is reported to be efficiently reprogrammed [5, 6, [22] [23] [24] . With this system, we used the activation of a marker of pluripotency, Oct-3/4 promoter-EGFP, to visualize the effects of factors from mouse F9 cells on porcine somatic cells. We demonstrated that the genome of porcine somatic cells was reprogrammed after fusion with mouse F9 cells, as indicated by expression of stem cell-specific marker genes, Oct-3/4, Sox2 and Stat3, derived from the porcine genome. Furthermore, Oct-3/4-EGFP in the pOEIN transgene was activated in hybrid cells after fusion. These findings suggest that mouse F9 cells contain reprogramming factors capable of reactivation of pluripotent cell-specific genes in porcine differentiated cells.
Recently, a Chinese group reported success in production of pigderived iPS cells using retroviral transduction with Yamanaka's four factors [33] . They introduced the four factors derived from mice and humans, and they were effective in inducing porcine iPS cells in vitro. These results are consistent with the present findings that mouse factors can induce reprogramming of the porcine genome in differentiated somatic cells.
Despite the presence of a mouse system in which the Oct-3/4 or Nanog promoter-based reporter system has already been established [17, 20] , there has been no useful system in pigs for reporting the reprogramming state of gene-engineered cells. In this study, we introduced use of a non-invasive monitoring system for the first time in a reprogramming study using porcine cells. Cell fusion between PEF and F9 cells resulted in generation of ES-like pEGFP-PEF). The Day 5 colonies exhibited irregular shapes, while at Day 13, the surfaces of the colonies appeared to be rather smooth, like that of ES colonies. Notably, pEGFP-PEF-derived unfused cells with only green fluorescence (arrow in c) are still visible in Day 5 colonies, which might be due to the relatively delayed effects of G418 on slowly proliferating cells. In the lower panels (g-i), Day 13 hybrid cells derived from cell fusion between pCRIP-3-3T3 and pEGFP-PEF are shown, and no colony formation is detectable. In the lowest panels (j-l), partially dissociated cells from Day 13 colonies are shown, and exhibit both types of fluorescence (k,l). a, d, g and j, photographs taken under light; b, c, e, f, h, i, k and l, photographs taken under UV. Bar=10 μm. C: RT-PCR analysis of colonies generated by cell fusion between pCRIP-3-F9 and pEGFP-PEF. Total RNA from 20 colonies at Day 14 was subjected to nested RT-PCR and subsequent Southern hybridization. To distinguish mouse-derived endogenous transcripts and pig-derived endogenous ones, species-specific primer sets (see Table 1 ) were employed. M-1 and M-2, RNA from colonies collected independently; pCRIP-3-F9, RNA from pCRIP-3-F9 cells as positive controls for detection of mouse-derived transcripts; pEGFP-PEF, RNA from pEGFP-PEF cells as negative controls for detection of pig-derived transcripts; PA-1, RNA from human PA-1 cells as positive controls for detection of pig/ human-derived transcripts; -RT, water instead of RNA subjected to RT reaction. colonies exhibiting distinct green fluorescence around 14 days after fusion (see Fig. 3B, f) . However, small colonies generated around 7 days after fusion expressed very weak fluorescence (see Fig. 3B , c), suggesting a gradual increase in the level of reprogramming in the porcine genome. That the reprogramming event induced by retroviral infection of the four reprogramming factors proceeded slowly, and that at least 3 weeks are required to complete it [20] , appear consistent with the present findings.
Activation of endogenous porcine pluripotency-specific genes in the ES-like colonies derived from cell fusion between PEFs and F9 cells appears to be low, since ethidium bromide staining of gels visualized only weak bands for each pluripotency-specific transcript. We therefore employed a more sensitive method, the socalled RT-PCR-Southern analysis, to demonstrate the presence of these bands more clearly. RT-PCR-Southern analysis successfully visualized the presence of pluripotency-specific transcripts (see Fig. 2C and 3C ). It appears that EGFP expression does not accurately reflect the endogenous gene expression in our pOEIN-based system. Alternatively, reprogramming may occur only in a small portion of cells comprising fluorescent ES-like colonies.
Notably, we detected the presence of porcine Nanog transcripts in intact PEFs (see Fig. 2C ). Cloning and sequence analysis revealed that the amplified Nanog transcripts were in fact derived from the porcine genome (data not shown). PEFs may thus contain undifferentiated cells, which were identified as alkaline phosphatase (ALPase)-positive cells (unpublished data), and express Nanog mRNA. In this sense, the Nanog promoter-based reporter system appears inappropriate for monitoring of reprogramming state in PEFs.
Interestingly, we found that a large percentage of colonies (50/ 62 tested) generated 14 days after fusion between pCRIP-3-F9 and pOEIN-PEF still exhibited weak or no expression of green fluorescence, suggesting incomplete reprogramming of the porcine genome after fusion with F9 cells. It is possible that sufficient amounts of F9 cell-derived reprogramming factors were not provided, probably due to occasional loss of F9-derived chromosomes. Karyotypic analysis of the resulting hybrids would reveal the mechanisms responsible for the above finding. On the other hand, the epigenetic competence of individual cells when fused with F9 cells appears to be a key to proceeding into the reprogramming state, although it remains unclear which kinds of epigenetic events occur during reprogramming in pig somatic cells.
Treatment of hybrids with chromatin-modifying agents would accelerate reprogramming of the porcine genome. For example, 5-aza C (a cytidine analogue that inhibits DNA methylation), valproic acid (VPA; inhibitor of histone deacetylase [HDAC] ) and trichostatin A (TSA; a HDAC inhibitor) are known to enhance reprogramming of nuclei from somatic cells [34] [35] [36] [37] . In this context, our Oct-3/4-EGFP-based reprogramming monitoring system would be useful for assessing the effects of these drugs on reprogramming events.
In conclusion, we demonstrated for the first time an Oct-3/4 promoter-based non-invasive reporter system that can be used to better define reprogramming mechanisms and/or identify novel reprogramming molecules in pigs. Indeed, modulating reprogramming through epigenetic modification, for example, may reveal important differences in the mechanisms of reprogramming between pigs and other species.
